This paper investigates the relative importance of turbulence, hygroscopicity of cloud condensation nuclei (CCN), and aerosol loading on early cloud development. A parcel-DNS hybrid approach is developed to seamlessly simulate the evolution of cloud droplets in warm clouds. The results show that turbulence and CCN hygroscopicity have a dominant effect on the formation of large droplets. When CCN hygroscopicity is considered, condensational growth has a strong effect in the first 5 minute, providing sufficient collector droplets. In the meantime, turbulence effectively accelerates the collisions among the collector droplets and the small droplets and continues to broaden the droplet size distribution (DSD). In contrast, seeding of extra aerosols modulates the growth of small droplets by inhibiting condensational growth while the growth of large droplets remains unaffected, resulting in a similar tail of the DSD. Overall, seeding reduces the LWC and effective radius but increases the relative dispersion. This opposing trend of the bulk properties suggests that the traditional Kessler-type or Sundqvist-type 10 autoconversion parameterizations which mainly depend on the LWC or mean radius might not represent the drizzle formation process well. Properties related to the width or the shape of the DSD are also needed, suggesting that the Berry-and-Reinhardt scheme is conceptually better.
commonly assumed in most DNS studies (e.g., Sardina et al., 2015; Vaillancourt et al., 2001 Vaillancourt et al., , 2002 Paoli and Shariff, 2009 ). This simplification may underestimate the rate of droplet growth by condensation as Jensen and Nugent (2017) found that cloud condensation nuclei (CCN) strongly enhances particle growth through the solute effect, and droplets with giant CCN 60 can even grow in regions of downdrafts. In our new hybrid approach, we use an accurate droplet diffusional growth equation that includes both curvature effect and solute effect to allow treatment beyond pure water droplets. Secondly, the initial droplet sizes in Chen et al. (2018b) were relatively large (R = 5 − 20µm), and the DSD obtained from flight observations was the result of averages over a long-time period and along a long sampling path (including both core regions and edges of clouds), which may mask the local property of an adiabatic core that the DNS aims to simulate. To address this problem, we prescribe here a dry aerosol size distribution in the sub-cloud region, and the aerosol activation process is explicitly resolved by a parcel model to provide a more physically-based initial DSD for the DNS.
The main purpose of the present study is to investigate the relative importance of turbulence, CCN hygroscopicity and aerosol loading on the early-stage development of cumulus clouds. The organization of the paper is as follows. Section 2.1-2.2 introduces a hybrid modeling framework, combining a parcel model and a DNS model, to seamlessly simulate early cloud de-70 velopment from aerosol activation to cloud droplet growth. In Section 2.3, the configuration of the six numerical experiments are described with the aim of comparing the microphysical responses due to the difference in turbulent intensities (turbulent vs non-turbulent), droplet chemistry composition (pure-water droplets vs CCN-embedded droplets), and aerosol loadings (with/without extra aerosols injected). Results are provided in Section 3, showing that turbulence and CCN hygroscopicity are the dominant factors for DSD broadening, and changes in aerosol loading exert a secondary effect on the evolution of the tail 75 of the DSD. Summary and outlook for future work are in Section 4.
Model setup
The ascending stage of an air parcel during early cloud formation can be classified into two phases based on distinct dominant microphysical processes. A parcel model and a DNS model are combined to seamlessly simulate this ascending stage as illustrated in the schematic diagram in Fig. 1 . The first phase is dominated by aerosol activation and is simulated by the parcel 80 model. It starts from the unsaturated sub-cloud region (≈ 300m below cloud base) to the level where the supersaturation reaches a maximum (≈ 43m above cloud base, see Fig. 2(a) ). Beyond this height, no new activation occurs as the supersaturation in the air parcel starts to decrease with increasing height. The second phase is dominated by cloud droplet growth and is simulated by the DNS model. It starts from the level of maximum supersaturation to a height around 1.2km above the cloud base, near the top of a shallow cumulus cloud or in the center of a strong cumulus cloud. The outputs from the parcel model, including the size 85 spectrum of CCN and droplets and the macroscopic environmental conditions such as the mean temperature and humidity of the air parcel, serve as the initial conditions for the DNS model. Only the activated aerosols (including the CCN (dry particle) size and its wet size) from the parcel model are carried over to the DNS model. This parcel-DNS model framework provides an economical approach and is the first step towards a fully DNS-resolved simulation. initial wet sizes varies with height. Only bins of activated particles are illustrated. (c) The CCN (dry particle) size distribution for the parcel model (light dotted blue stairs) and for the DNS model (darker solid blue stairs), and the activated wet particle size distribution at maximum supersaturation (Smax = 1.59%) in the parcel model (light dotted purple stairs) and the DNS model (darker solid purple stairs).The slight disagreement between the initial spectra from the DNS and the parcel model in (c) mainly comes from fitting the distributions to the DNS with droplet numbers of different sizes equal to an exact multiple of the number of processers in the parallelized simulation.
Parcel model 90
The parcel model is adopted from Jensen and Nugent (2017) with a few modifications. 1) For simplification, the droplet collision-coalescence is excluded because the majority of the particles at this stage are smaller than 10 µm. These droplets have very small collision rates (Chen et al., 2016 (Chen et al., , 2018a , and the growth is dominated by the condensational process. 2) The hygroscopicity parameter, proposed by Petters and Kreidenweis (2007, their equation (6) ) is employed in the droplet diffusional growth equation:
here R is the droplet radius, R d is the radius of the initial dry aerosol particle, S is the supersaturation ratio, σ w = 7.2 × 10 −2 Jm −2 is the surface tension of water against air, R v = 467Jkg −1 K is the individual gas constant for water vapor, ρ w and ρ a are the density of water and air, respectively, T is air temperature, e s is the saturated water vapor pressure, D = 2.55 × 10 −5 m 2 s −1 and K = 2.48 × 10 −2 Jm −1 s −1 k −1 are respectively the water vapor diffusivity and thermal conductivity, and 100 L v = 2.477 × 10 6 Jkg −1 is the latent heat of vaporization. There are two advantages of using the hygroscopicity parameter: 1) no specific chemical information of the aerosol (i.e., molecular weight, van Hoff factor, density, etc.) is required for calculating the solute term, as all information is contained in this single parameter; 2) the hygroscopicity parameter of mixed solute due to collision-coalescence can be simply calculated by a weighted average of the volume fractions of each component in the mixture (Petters and Kreidenweis, 2007) .
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The initial environmental conditions are taken from the cumulus cloud case of Jensen and Nugent (2017, 133, 66.6, 3 .06]cm −3 . The initial size is discretized into 39 bins from 6 × 10 −3 − 49µm, which gives a total number concentration N = 112cm −3 . However, it is worth noting that particles larger than 10µm only have a number concentration of 10 −4 cm −3 , corresponding to less than one particle in the DNS domain (L = 16.5cm). All aerosols are given the same hygroscopicity parameter of κ = 0.47. The parcel model applies the Lagrangian 115 bin method (i.e., moving-size-grid method, see discussion in Yang et al., 2018) to calculate the evolution of the DSD. In this way, the numerical dispersion caused by the Eulerian bins (Morrison et al., 2018; Grabowski et al., 2019) can be avoided. The initial aerosol wet size is the size when thermodynamic equilibrium is established at the given ambient humidity (Jensen and Nugent, 2017) . As illustrated in Fig. 2(b) , the droplets below 1µm grow quickly by condensation between 20 − 40m above the cloud base before maximum supersaturation is reached, and droplets larger than 1µm grow slower, creating a narrow DSD 120 near the cloud base.
The initial mean-state variables for DNS are obtained from the parcel model output at maximum supersaturation (S = 1.59%). Above this altitude, no further activation is expected in the parcel due to the decreasing supersaturation. The unactivated aerosols, corresponding to the first two bins of the light blue histogram in Fig. 2(c) , have no influence on the subsequent evolution of the DSD. Therefore, only the activated aerosols from the parcel model are kept as initial particles in the DNS, leaving only N = 87cm −3 of particles in the domain. The droplet size distributions (both wet and dry) from the parcel model are fitted into DNS in a way that the droplet number has to be an exact multiple of the number of processors used in the parallelized simulation. Therefore, a small difference in the shapes from the two models is expected. The subsequent droplet growth affected by its immediate local turbulent environment is calculated by the DNS.
DNS model 130
The DNS model in the present study is initially developed by Vaillancourt et al. (2001) and has been continuously modified since then (Franklin et al., 2005; Chen et al., 2018b) . (B1)), a more accurate formula of the droplet diffusional growth is used, including the solute effect, curvature effect, ventilation effect, and kinetic effect on the droplet condensation:
Similar to equation (1) of the parcel model, the hygroscopicity parameter is employed. The ventilation coefficient, f v , which 140 accounts for the effect of non-spherical symmetry of water vapor field when droplet moves relative to the air, is determined by a set of empirical formulas from the laboratory experiment of Beard and Pruppacher (1971) . The formulas depend on the droplet Reynolds number and Schmidt number (see also equation (B2)-(B3) in Chen et al., 2018b) . D and K are respectively the water vapor diffusivity and thermal conductivity that include kinetic effects (see equation (11a)-(11b) in Grabowski et al., 2011) .
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Droplets with R < 5µm are treated as non-inertial particles due to their small Stokes number, i.e., their velocity is equal to the flow velocity. Since the size of the timestep is constrained by the inertial response time of the smallest inertial particle (see discussion in Chen et al., 2018a , for determining the size of the timestep), the above assumption avoids using too small a timestep when small aerosol particles are introduced. For droplets between 5 − 40µm, their motion is determined by both the Stokes drag force and gravity, and nonlinear drag force is considered for droplets over 40µm (see description below the 150 equation (B10) in Chen et al. (2018b) . In addition, the algorithm for collision detection is also switched off for R < 5µm
because their collision rates are extremely low (Chen et al., 2018a) . The treatments above reduce the computational workload without sacrificing the accurate physical representation of particle motion and growth. first set includes both condensational and collisional growth of droplets and will be referred to as the "condensation-collision" set. The second set excludes droplet growth by collision and will be referred to as the "condensation-only" set. As mentioned in Section 2.1, all DNS experiments are initialized with the same mean state, i.e., initial pressure P 0 = 902.2hP a, initial temperature T 0 = 281.2K, and supersaturation S 0 = 1.59%. Constant mean updraft speed of 2m/s is prescribed to drive the air parcel ascent. is set to 0m/s, and particles fall only due to gravity. It follows that turbulent advection of the supersaturation fluctuation is also absent. When the solute term is switched off, i.e.,
di (1−κ) = 1, droplets only consist of pure water. In Runs D1-D3 ("seeded" cases), the configuration is the same as Run A except that 10 − 20cm −3 of extra loads of aerosol are added, which is equivalent to about 10 − 20% of total droplet numbers in the system. We name them as "seeded" cases because new particles are introduced near the cloud base (at the beginning of DNS). However, contrary to the case of real cloud seeding, we simplify 170 the situation by assuming the same hygroscopicity of k=0.47 for both the natural aerosols and the seeded aerosols. To examine the effect of extra aerosol loading, two seeding sizes and two number concentrations are considered, as indicated in Table 1 .
We double the seeded number concentration in Run D2 and double the seeded size in Run D3. The eddy dissipation rate for all turbulent cases is 500cm 2 s −3 , which represents a strongly turbulent environment for cumulus clouds. This serves as an upper-bound of the turbulent effect on the DSD evolution.
The droplet size distribution of the six experiments in the condensation-collision set at the end of the simulation (at 6 min) is shown in Fig. 3 along with the results of condensation-only cases in Fig. 4 . Additional information on the condensationcollision set includes the time evolution of the droplet size distribution (Fig. 5) , the collision frequency as a function of the radii ratio between small and large droplets (Fig. 6) , and the temporal evolution of various parameters obtained from the droplet size 180 distribution (Fig. 7) . Overall, switching off turbulence or assuming pure water inhibits DSD broadening. Specifically, when compared to the non-turbulent case (Run B in Fig. 3(b) ), all turbulent runs produce a broader and flatter DSD. The discretized bin of the large droplets of 21µm at the end of run B is in fact produced by the large aerosol particles within the first minute (see Fig. 5(b) ). Condensational growth after 1min becomes extremely slow and the total collision frequency is more than one order of magnitude smaller than the rest of the other experiments (Fig. 6) , producing the narrowest DSD denoted by the lowest 185 relative dispersion in Fig. 7(b) . The relative dispersion shown in Fig. 7(b) , defined as the ratio between the standard deviation of the droplet size distribution and the mean droplet radius, is an indicator of the width of the DSD. when turbulence is included (Run A), the relative dispersion increases to 0.034 as compared to 0.014 in the non-turbulent case (Run B). In addition, turbulence enhances the multi-modal feature of the DSD. This feature is a result of enhanced collisional growth, which can be verified in the condensation-only cases in which the multi-modal feature is absent (see Fig. 4 ). Similar-sized collisions 190 (r/R > 0.8) among droplets of radius < 15µm increase by more than an order of magnitude in the turbulent cases (collision frequency on the order of 10 −3 s −1 as opposed to o(10 −4 s −1 ) in the non-turbulent case) and exceed the collisions among the group of r/R < 0.8 (Fig. 6 ). This result is consistent with the finding of Chen et al. (2018b) . It is intriguing that the turbulent modulation on the bulk condensation is insignificant, as the liquid water content (LWC) and the volume-mean radius stay the same (Figs. 7(a) and 7(d)) regardless of the different tails. In other words, properties such as mean radius and LWC alone might 195 not be able to properly represent the auto-conversion process such as in the traditional Kessler-type parameterization (Kessler, 1969; Liu and Daum, 2004) and the Sundqvist-type parameterizations (Sundqvist, 1978; Liu et al., 2006) . Other properties such as shape and dispersion are equally important. For example, the shape parameter can be an indicator of the effectiveness of droplet collision as a broader DSD or a large tail indicates more frequent collisions. Autoconversions such as Berry and Reinhardt (1974) (hereafter referred to as BR74) and its modified versions including both the mean droplet size and dispersion 200 are believed to be more accurate than the Kessler-type schemes. This argument agrees well with the study of Gilmore and Straka (2008) which claims that the BR74 scheme is more sophisticated and requires less tuning to match the observed onset of rain and proportions of cloud and rain. In their study, it is found that the growth rate of rain mass and number concentration are highly sensitive to the shape and dispersion parameters.
In the pure-water case (Run C), a narrow DSD is observed (Fig. 3(c) ). In particular, when switching off the collision, conden-205 sational growth of pure water droplets produces a DSD with a narrower width than the non-turbulent case (Fig. 4(b) and 4(c) ).
This illustrates that hygroscopic CCN has a larger impact on droplet condensation than turbulence. Besides, condensational growth highly depends on the property of the solute dissolved in the droplets even after the activation stage. The occurrence of large droplets is largely delayed without proper hygroscopic CCN. In addition, the difference in DSD between the pure water case and CCN case mainly lies in the large droplets. The multi-210 peak feature due to the turbulent collisions is also observed. The secondary peak (R = 20 − 25µm) near the tail does not occur in the pure-water case, owing to a lack of large collector droplets. This is mainly because the condensational rate of pure-water droplets is very slow throughout the simulation (Fig. 5(c) ). In contrast, in the CCN-embedded case, droplets larger than 20µm are produced by a small amount of giant CCN (R dry > 2µm with a total number concentration of 10 −2 cm −3 , see the initial dry particle size distribution of DNS model in Fig. 2(c) ) through condensational growth at the first minute of simulation (Figs. Overall, compared to extra aerosol loading, hygroscopic CCN plays a dominant role in the production of large droplets by enhancing the condensational growth and thus accelerating the collision-coalescence process. 
Summary and discussion
This paper investigates the effects of turbulence, CCN hygroscopicity, and aerosol loading on the microphysics during early cloud and rain development. A parcel-DNS hybrid modeling framework is developed. The parcel model is used to generate the 250 initial DSD after the aerosol activation stage, and the DNS model is used to calculate subsequent droplet growth affected by both the microscopic and the macroscopic environment. In this economical way, continuous particle growth from sub-cloud aerosols to cloud droplets is accurately represented. Several interesting features have been found in the DNS experiments.
Of all the factors considered in the study, the largest impact on the tail of the DSD comes from the turbulence (dynamics) and the solute term (CCN hygroscopicity). In particular, the giant CCN forms the initial tail by fast condensation. Turbulence 255 enhances the collisions particularly among similar-sized droplets that are less likely to happen in a non-turbulent environment, and effectively broadens the DSD. In addition, turbulent collisions enhances the multi-modal feature of the DSD which is absent in condensation-only runs. It is also found that CCN can effectively affect the DSD evolution even after the aerosol activation stage, and the occurrence of large droplets is drastically delayed without CCN.
The implication is that model results that suffer from large uncertainty or biases due to the dynamics and a lack of CCN 260 information should be cautiously interpreted when scrutinizing the aerosol effects. The impact of CCN in the microphysics has to be implemented in cloud models in order to obtain an accurate picture of the aerosol-cloud interaction. In this sense, the process as assumed by many autoconversion parameterizations, for the width of the DSD or the size of the largest droplet can still increase. It follows that properties such as the shape and dispersion of the DSD are also important to be taken into account when developing new autoconversion parameterization.
Different from the strong impact of turbulence and hygroscopic CCN, extra loading of aerosols mainly affects the small droplets and only has a secondary effect on the evolution of the tail of the DSD. This result reveals that including the impact 270 of dynamics on droplet collision and the hygroscopic effect of CCN to some extent are more important than constraining the aerosol number concentration. However, we only consider a small range of dry radius (0.1 − 1µm) and number concentration (10 − 20cm −3 , corresponding to 10 − 20% increase in the total number concentration). It should be noted that conditions such as seeding with giant CCN (GCCN) and seeding in highly polluted clouds require further investigation to draw rigorous conclusions.
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As mentioned in the introduction, cloud models are sensitive to microphysics schemes, and autoconversion parameterization is one of the main sources of uncertainty with no observations to verify. With the current hybrid parcel-DNS model, it is possible to verify the autoconversion rate given the condition of turbulence and aerosols. Furthermore, the hybrid modeling approach is also useful in developing a better parameterization of auto-conversion applied in the large-eddy simulation (LES) and the weather prediction models such as WRF (Weather Research and Forecasting model, Skamarock et al., 2019) ).
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It should be noted that in spite of a good number of improvements made, the current modeling framework still presents the following shortcomings: for simplicity, the same hygroscopic parameter is assumed among natural CCN and the extra loaded aerosols. In terms of the "seeding" condition, our hygroscopicity parameter (κ = 0.47) is lower than that of the real hygroscopic seeding case (κ > 1.0). In addition, seeding is initialized inside the cloud base while traditional hygroscopic seeding introduces particles below the cloud base. This treatment might affect the model results as seeding below the cloud base influences the 285 initial particle activation and growth and thus impacts the DSD at the cloud base (Cooper et al., 1997) . However, the main purpose of this study is to propose the first DNS model framework for scrutinizing the microphysical impact of cloud seeding and to present the first qualitative results of such a model. More realistic scenarios resembling actual hygroscopic seeding such as a much higher hygroscopicity parameter of seeded particles and seeding below the cloud base will be designed in the future deployment and development of this framework. 
